Using pathogens or high levels of opportunistic bacteria to damage the gut, studies in Drosophila have identified many signaling pathways involved in gut regeneration. Dying cells emit signaling molecules that accelerate intestinal stem cell proliferation and progenitor differentiation to replace the dying cells quickly. This process has been named 'regenerative cell death'. Here, mimicking environmental conditions, we show that the ingestion of low levels of opportunistic bacteria was sufficient to launch an accelerated cellular renewal program despite the brief passage of bacteria in the gut and the absence of cell death and this is is due to the moderate induction of the JNK pathway that stimulates stem cell proliferation. Consequently, the addition of new differentiated cells to the gut epithelium, without preceding cell loss, leads to enterocyte overcrowding. Finally, we show that a couple of days later, the correct density of enterocytes is promptly restored by means of a wave of apoptosis involving Hippo signaling and preferential removal of old enterocytes.
INTRODUCTION
In the animal kingdom, the digestive tract (DT) is a vital organ required for nutrient absorption that also constitutes the first barrier against pathogens ingested along with food. In both vertebrates and invertebrates, well-conserved mechanisms of defense have been elaborated to maintain DT epithelial integrity and prevent aggressors from the lumen (the external environment) penetrating into the internal milieu. Among these mechanisms of defense, the DT triggers a cell replenishment program to replace damaged cells rapidly upon injury (Sun and Irvine, 2014) .
Many studies have been performed in Drosophila to gain insight into the mechanisms underlying intestine regeneration upon pathogenic intoxication or injury (Sun and Irvine, 2014) . Deciphering these mechanisms has highlighted the importance of many conserved signaling pathways already known to be required for the maintenance of gut homeostasis under normal conditions. The Drosophila posterior midgut epithelium shares some similarity with the vertebrate intestine and consists of four cell types. The basally located intestinal stem cells (ISCs) serve to regenerate each gut cell type. Upon division, ISCs can either give rise to ISCs and/or enteroblasts (EBs). EBs can then differentiate either into absorptive enterocytes (ECs) or secretory enteroendocrine cells (Pasco et al., 2015) .
Two Gram-negative bacteria have been primarily used to study gut regeneration upon ingestion: the opportunistic Erwinia carotovora carotovora (Ecc) and the entomopathogenic Pseudomonas entomophila (Pe). Large amounts of Ecc or smaller amounts of Pe lead to EC death (Buchon et al., 2009a (Buchon et al., , 2010 Chatterjee and Ip, 2009 ). Indeed, less than 4 h post-ingestion, ECs produce reactive oxygen species (ROS) to fight the ingested bacteria. In the same time window, owing to the cellular damage and death caused by the production of ROS as well as by the ingested bacteria, JNK and Hippo (Hpo)/Yorkie (Yki) stress signaling pathways are activated in ECs. Activation of these pathways results in the nuclear translocation and activation of the transcription factors AP1 (downstream of JNK pathway) and Yorkie (Yki), which induce the expression of cytokine-and growth factor-encoding genes. During the next 24-48 h, those secreted factors act nonautonomously on ISCs, increasing their rate of proliferation to generate more EBs, which then differentiate into new ECs to replace the damaged or dead ones (Apidianakis et al., 2009; Buchon et al., 2009a Buchon et al., , 2010 Cronin et al., 2009; Jiang et al., 2009; Kim and Lee, 2014; Kux and Pitsouli, 2014; Lee et al., 2013; Myant et al., 2013; Osman et al., 2012; Ren et al., 2010; Shaw et al., 2010; Zhou et al., 2013) . The dedicated process of cell replenishment is termed 'regenerative cell death' and involves damaged and/or dying cells releasing a variety of growth factors and cytokines involved in tissue repair and/or regeneration (Sun and Irvine, 2014; Vriz et al., 2014) . Increasing the speed of gut replenishment upon injury helps to maintain the barrier function of the gut epithelium, avoiding the penetration of bacteria into the internal milieu. Failure to replenish the gut lining properly generates holes in the epithelium, facilitating pathogen invasion of the body, ultimately leading to sepsis-induced death (Bonfini et al., 2016) .
The studies summarized above were performed using either a large amount of opportunistic bacteria or pathogenic bacteria. However, under normal conditions, the DT is constantly in contact with smaller amounts of bacteria swallowed along with food. Here, using the Drosophila adult midgut, we investigated the effect of dietary exposure to low amounts of opportunistic bacteria on gut cellular homeostasis. Surprisingly, ingestion of low amounts of Gram-positive or Gram-negative bacteria, despite their rapid elimination, triggers a cell renewal program, although not inducing intestinal cell death. Consequently, within a couple of days, the newly added differentiated ECs cause an excess of cells, although polarity and integrity of the epithelium are maintained. During this period, the digestive capacities of the gut are significantly diminished. Interestingly, we showed that gut homeostasis is restored 2-3 days after bacteria clearance thanks to a wave of apoptosis preferentially removing old ECs. A similar wave of apoptosis is also involved in elimination of a genetically induced excess of ECs. Finally, we demonstrate that the Hpo signaling pathway is necessary to trigger the wave of apoptosis removing the supernumerary cells.
RESULTS
Low levels of opportunistic bacteria induce a mild early stress response in the Drosophila posterior midgut
To assess the impacts on the intestinal epithelium of ingesting a small amount of opportunistic bacteria along with food, we chose the Gram-positive Bacillus thuringiensis var. kurstaki (Btk) because this bacterium is used worldwide as a bioinsecticide in agriculture and therefore could be present at low concentration in food. Moreover, Btk is also known as a potent opportunistic bacterium for many organisms (Raymond et al., 2010) , and is responsible for, among others, nosocomial diseases and food-poisoning associated diarrheas (Celandroni et al., 2014) .
To define what we called 'low doses' of ingested bacteria, we took into account the amount of Btk found on vegetables after one aerial spreading i.e. 1×10 5 colony forming units (CFU)/g (Frederiksen et al., 2006; Stephan et al., 2014) and the application doses recommended by the manufacturers of Btk bioinsecticides, i.e. 5×10 5 to 2.5×10 6 CFU/cm² depending on the type of crop to treat. Therefore, we exposed adult flies to bacteria by contaminating the culture medium with 1×10 6 CFU/5 cm²/fly (referred as 10 6 CFU in the following text). Flies were then left on the contaminated medium until dissection. Btk was completely eliminated from the midgut less than 4 h post-ingestion (PI) (Fig. 1A) . The maximal number of bacteria we detected in the midgut was ∼100 CFU, present 1 h PI. We noticed that Btk was rapidly cleared from the surface of the culture medium (data not shown) highlighting the fact that flies were not submitted to chronic intoxication. Conversely, when flies were fed with higher levels of Btk (e.g. 1×10 8 CFU/ 5 cm²/fly, referred as 10 8 CFU in the following text) the bacteria persisted for a longer time in the gut (Fig. 1A) . Finally, when flies were fed with low doses (1×10 6 CFU) of the commensal Grampositive bacterium Lactobacillus plantarum (L. plantarum), the bacteria were still detected in the gut 3 days PI at a dose of 10 4 CFU/ gut (Fig. 1A) (Storelli et al., 2011) . Of note, we easily differentiated the food-provided L. plantarum from the indigenous L. plantarum present in the commensal flora of our Drosophila strains as we assessed the amount of indigenous L. plantarum/brevis at 1.5×10 2 CFU/gut (i.e. 100 times less). Because small amounts of Btk were rapidly eliminated from the intestine, we wondered whether its transient presence could nevertheless trigger a stress reaction in the posterior midgut. Thus, we followed the activation of both JNK and Hpo/Yki signaling pathways by monitoring the expression of their target genes using either lacZ reporter genes or RT-qPCR. We found that at 4 h PI the expression of the JNK signaling reporter gene puc-lacZ was indeed induced in ECs (Fig. S1A,B) . We confirmed the induction of puc by RT-qPCR (Fig. 1B) . Nevertheless, JNK signaling activation was no longer maintained 24 h PI (Fig. S1G ). We did not observe any Hpo/ Yki target gene induction [Diap1 and expanded (ex)] (Fig. 1B) . We next wondered whether ingestion of low levels of the Gram-negative model bacterium Ecc could also trigger a brief and moderate stress response by the gut. As expected, ingestion of low amounts of Ecc (10 6 CFU) induced a similar brief and moderate gut response although we also noticed an induction of the Hpo/Yki target gene ex ( Fig. 1B; Fig. S1D,I ). As control, we used the commensal L. plantarum also at 10 6 CFU/5 cm²/fly and this did not trigger any stress signaling in the adult gut ( Fig. S1K-M) .
To fine-tune the read-out of our study, we included two other genes encoding cytokines, upd1 and upd3, which are known to be induced by both JNK and/or Yki signaling in ECs following ingestion of Pe or large amounts of Ecc and to be responsible for ISC proliferation upon damage (Buchon et al., 2009a,b; Bunker et al., 2015; Jiang et al., 2009; Karpowicz et al., 2010; Osman et al., 2012; Patel et al., 2015; Ren et al., 2010; Shaw et al., 2010; Staley and Irvine, 2010) . We found that small amounts of Btk activated upd1, but not upd3, whereas small amounts of Ecc activated upd1 (although not significant in our statistical test) and upd3 (Fig. 1B) . We further compared these results with the stress induced by ingestion of small amounts of the entomopathogenic Pe (Fig. 1B) or large amounts of Btk or Ecc (10 8 CFU) (Fig. S1N) . As expected, all the target genes were activated. Moreover, the amplitude of upd1 and upd3 induction was greatly increased (Fig. S1N) . We noticed that the Gram-positive Btk preferentially induced upd1, whereas the Gram-negative Ecc induced upd3 and Pe induced both ( Fig. 1B;  Fig. S1N ). We also observed that when flies were fed with large amounts of Btk or Ecc, the tissue stress was maintained for a longer time, as highlighted by the prolonged expression of puc-lacZ 24 h PI (Fig. S1H,J) . Therefore, our data demonstrated that the ingestion of small amounts of opportunistic Gram-negative or Gram-positive bacteria triggers a mild and brief stress response by the posterior midgut.
Because JNK signaling has been shown to be the first stress signaling pathway activated upon huge damage (in less than 30 min) (Buchon et al., 2009a,b; Jiang et al., 2009 ), we wondered whether JNK signaling was also responsible for the primary response of the gut to a moderate stress. Therefore, we assessed the expression of puc, upd1, upd3, ex and Diap1 4 h PI in female flies that were homozygous mutant for the loss-of-function allele hep 1 [hemipterous (hep) encodes for the upstream JNK-activating kinase also known as JNKK] fed with either low amounts of Btk, Ecc or Pe. Interestingly, none of these target genes was expressed (Fig. 1C) even with Pe. Therefore, the stress response of the gut to the ingestion of small amounts of opportunistic or pathogenic bacteria appears to depend primarily on JNK signaling activation.
Mild stress induces ISC proliferation and an accumulation of enterocytes
Although the ingestion of small amounts of Btk or Ecc only moderately induced a stress response by the gut, we wondered whether this was sufficient to trigger ISC proliferation. We first monitored the mitotic indices of ISCs using a phospho-Histone 3 (PH3) antibody in the whole midgut. We observed an increase in mitosis with a peak at 48 h PI although this effect was weaker than in flies fed with 10 8 CFU ( Fig. 2A) . As it has been shown that Upd/ JAK/STAT signaling is required in ISCs to stimulate their proliferation upon the ingestion of Pe or Ecc (Buchon et al., 2010; Jiang et al., 2009; Osman et al., 2012; Zhou et al., 2013) , we tested whether this was also the case upon ingestion of small amounts of Btk. We blocked Upd/JAK/STAT signaling in ISCs by temporally expressing a dominant-negative form of the Upd receptor Dome (Dome ΔCyt2-3 ) using the TARGET system (McGuire et al., 2003) with the escargot ts driver (esg ts , expressed in ISCs and EBs; Micchelli and Perrimon, 2006) and fed these flies with small amounts of Btk. As expected, ISC proliferation was blocked ( Fig. 2B ) and no increase in esg>GFP cells was observed ( Fig. S2A-D) . Therefore, as for Ecc and Pe, Upd/JAK/STAT signaling is also required in ISCs to stimulate their proliferation upon ingestion of small amounts of Btk.
Because upon division ISCs give rise to EBs, we next followed the number of progenitor cells (ISCs+EBs) in the posterior midgut using the esg-lacZ or esg>GFP markers. A higher density of esg + cells was present from day 1 until day 4 PI (Fig. 2C ,E-H″). However, at day 3 PI, many of the esg + cells no longer divided ( Fig. 2A ,C) and were already committed to EC differentiation. Indeed, those cells also expressed the EC marker myo1A>GFP, indicating that they correspond to early ECs (eECs) (Fig. 2G′ ,G″, yellow arrows). As eECs (esg-lacZ + , myo>GFP + ) have not completed their endoreplication (Bardin et al., 2010) , they are also recognizable by their smaller nucleus compared with old ECs (esglacZ − , myo>GFP + ; Fig. 2G″ white arrowheads). It is noteworthy that the increase in esg + cells number at day 1 PI appeared 24 h before the peak of ISC division (compare Fig. 2C with 2A ). This observation was reminiscent of previously published data showing that a pre-existing pool of latent EBs could quickly differentiate upon a local demand and before the onset of ISC proliferation, to give rise to late EBs/early ECs (Antonello et al., 2015; Buchon et al., 2010) . Accordingly, there is a rise in EC number of about 20% between days 1 and 3 PI (Fig. 2D , red curve) but this affects neither the length nor the width of the gut (Fig. S3F ,G). The number of enteroendocrine cells was unaffected (Fig. 2E′ ,F′,G′,H′; Fig. S2E ). Moreover, the excess of ECs resulted in a disturbance of the midgut epithelium as illustrated by the formation of EC multilayers, a change of EC cell shape from hexagonal to round with an extended apical pole, and a significant reduction of the intestinal lumen ( Fig 
Early absence of cell death is responsible for EC accumulation
Whereas the ingestion of low amounts of bacteria promoted EC accumulation, flies fed with larger amounts of bacteria (Btk or Ecc) displayed an opposite phenotype, i.e. a decrease in EC density (Fig. 2D , gray curve), even though the number of mitotic ISCs and progenitor cells was higher than upon the ingestion of smaller amounts of bacteria ( Fig. 2A,C) (Buchon et al., 2010) . Therefore, we hypothesized that, although accelerating the cell renewal program at low bacterial doses, the brief passage of bacteria in the gut might not be sufficient to promote cell death. Thus, the addition of new ECs to the epithelium could lead to an excess of ECs.
We first verified that large amounts of Btk and Ecc are indeed capable of inducing cell death. As expected, 10 8 CFU of Btk or Ecc significantly increased the number of apoptotic ECs (labeled by an anti-activated-Caspase 3 antibody) at day 1 PI compared with unchallenged flies (Fig. 3A,C; Fig. S4B ) (Buchon et al., 2009b) . About 12% of ECs were labeled by the anti-Casp3 antibody compared with 1.8% in unchallenged guts (Fig. S4E) . Although there were fewer ECs at days 1, 2 and 3 PI than in unchallenged flies, at day 4 PI, the number of ECs was equivalent to that of unchallenged guts, indicating that the cell replenishment program had efficiently replaced dead ECs (Fig. 2D) . As expected, when flies were fed with 10 6 CFU of Btk or Ecc, we did not detect any cell death during the first day ( Fig. 3B; Fig. S4A,E) . Therefore, if the excess of ECs was indeed due to the absence of cell death, inducing EC apoptosis genetically should suppress the supernumerary ECs. Using the TARGET system, we briefly expressed the pro-apoptotic gene grim specifically in ECs soon after ingestion of Btk and counted the number of ECs at day 3 PI (see schematic in Fig. 3D ). In agreement, forced EC apoptosis (Fig. S4C ) compensated for the lack of Btk-induced EC death and no excess of ECs was observed ( Fig. 3E; Fig. S4D ).
To confirm that the excess of ECs was indeed caused by the addition of newly formed ECs as well as the absence of early cell death, we marked all newborn ECs with β-galactosidase (β-Gal) antibodies from the time of Btk ingestion to the peak of EC number (at day 3) by combining the 'flip out' and TARGET systems. We then compared the percentage of marked ECs in guts from unchallenged, 10 6 CFU-and 10 8 CFU-fed flies at days 1 and 3 PI. In unchallenged flies, only 1.9% of ECs were marked after 1 day and about 6% were labeled at day 3 PI (Fig. 3F,I ,L). We also observed that a little over 12 days were necessary to completely renew the gut epithelium ( Fig. S4F-H′) , which is consistent with previous estimates ranging between 12 ) and 21 (Antonello et al., 2015) days. In 10 6 CFU-fed flies, 11.3% of ECs were labeled at day 1 and 18.2% at day 3 (Fig. 3G ,J,L). As this percentage is close to the percentage of total EC increase (Fig. 2D) , the excess of ECs can indeed be attributed to the addition of newborn ECs to the epithelium and the absence of early bacterialinduced apoptosis. In contrast, although the proportion of newborn ECs labeled at day 3 PI was much larger (almost 28%) in flies fed with 10 8 CFU of Btk (Fig. 3H ,K,L), the total number of ECs was reduced (Fig. 2D) , demonstrating that the cell replenishment program is barely sufficient to overcome early-occurring EC death. Taken together, our results demonstrate that the excess of ECs observed during the 3 days following the ingestion of low amounts of opportunistic bacteria is due to the induction of a mild cell renewal program in the absence of bacteria-induced cell death.
A late wave of cell death eliminates supernumerary ECs
We then investigated how the midgut resorbs the excess of ECs to return to its homeostatic state. One efficient mechanism to return to homeostasis could be the elimination of supernumerary ECs by apoptosis. We therefore monitored apoptosis from the day following the intoxication by 10 6 CFU of Btk up until midgut recovery. No cell death was observed at 1 day PI as mentioned above (Fig. 3B) .
However, we started to detect apoptotic ECs during day 2 PI, with a peak at day 3 PI. EC apoptosis then decreased during day 4 PI and had disappeared by day 5 PI (Fig. 4A-I ). To demonstrate that EC apoptosis is required to restore cellular homeostasis of the posterior midgut, we blocked EC death (using the anti-apoptotic p35 factor) from day 2 PI onwards and checked whether the excess of ECs was maintained. As expected, whereas control midguts had regained their normal cell density by day 5 PI (Fig. 4H,L) , midguts in which cell death had been blocked still displayed an excess of ECs (Fig. 4J,L;  Fig. S5A ). We also noticed that inhibiting EC death in unchallenged flies slightly increased (although not significantly) the number of ECs (Fig. 4L , UC myo1A ts >p35>GFP), mostly reflecting the inhibition of naturally occurring cell death (Fig. 4I, dark red) . We further transiently blocked apoptosis during day 2 PI (according to the protocol in Fig. 5B ). As expected, EC apoptosis was blocked at day 3 PI associated with an excess of ECs (Fig. S5B) . Interestingly, EC apoptosis was delayed, only peaking at day 5 PI (i.e. once the inhibition had faded) (Fig. 4K) . Hence, apoptosis is indeed the mechanism employed for the elimination of supernumerary ECs. To confirm that the wave of apoptosis was specific to the excess of ECs and not due to residual opportunistic bacteria remaining in the gut, we monitored the occurrence of apoptotic cells 3 days PI in esg ts >Dome ΔCyt2-3 flies fed with low amounts of Btk. In these flies there was neither ISC proliferation (Fig. 2B) nor accumulation of ECs (Fig. 4M) . Consequently, we did not observe any apoptotic cell 3 days PI (Fig. 4N) .
We then wondered whether genetically inducing an excess of ECs would also trigger a wave of apoptosis to remove supernumerary ECs. To explore this possibility, we used the ISCspecific driver delta-Gal4 to transiently express the Ras ). A pulse of 1 h of Ras 85D.V12 expression in ISCs was sufficient to promote ISC proliferation as highlighted by the increase in the mitotic PH3 labeling (Fig. 4O) . Interestingly, we observed a wave of apoptosis at day 3 (Fig. 4P) demonstrating that apoptosis is a physiological mechanism required to remove supernumerary ECs whatever the cause of their excess.
Finally, we investigated whether the wave of EC death removed ECs randomly or selectively (i.e. the newborn ones and/or the old ones). To do so, we took advantage of the perdurance of the β-Gal labeling and used a Drosophila line in which eECs are co-labeled by esg-lacZ and myo1A>GFP markers. Strikingly, we observed that at day 3 PI, dying ECs were never β-Gal + (i.e. eECs; Fig. 4Q-Q″) . On the contrary, the Casp3 staining mainly marked old ECs recognizable by their large nuclei and their GFP labeling (Fig. 4Q′,Q″) . We confirmed this result using the lineage tracing 'flip out'/ TARGET system, which labels all newborn ECs with β-Gal. Consistently, dying ECs were unmarked by β-Gal and had large nuclei, hence dying ECs were mainly old ECs (Fig. 4R-R″) . Together, our results demonstrate that following the induction (physiological or genetical) of an excess of ECs, the midgut returns to its cellular homeostasis by triggering a wave of EC death that selectively removes old ECs.
Hpo is involved in EC apoptosis in response to their excess
In order to gain further insight into the physiological process triggering cell death, we searched for the signaling pathways that might sense the supernumerary ECs and promote the wave of EC death. The JNK and/or Hpo/Yki pathways appeared to be good candidates due to their known implication in the control of apoptosis (Igaki, 2009; Yu and Guan, 2013) .
The JNK pathway was quickly ruled out because (1) the JNK target gene puc was not induced at the time of the wave of cell death (e.g. at days 1 and 3 PI; Fig. 5A ; Fig. S1G; Fig. S6A ) and (2) overexpressing the JNK inhibitor Puc in ECs at day 2 PI (according to the protocol in Fig. 5B ) did not inhibit EC death at day 3 PI (Fig. 5C ). On the contrary, the Yki target genes Diap1 and ex were induced at day 3 (Fig. 5A) , as confirmed using Diap1-lacZ ( Fig. 5D-E ) and ex-lacZ (Fig. S6B,C) reporter genes. Remarkably, Diap1, which encodes an anti-apoptotic factor, was strongly expressed in non-apoptotic ECs (Fig. 5E-E″) . We observed a similar ex-lacZ expression in non-dying cells (Fig. S6D-E″) . Overexpressing either Diap1 or Yki in ECs during day 2 PI (according to the protocol in Fig. 5B ) inhibited EC apoptosis during the third day ( Fig. 5F-H) . These data suggest that Hpo activation in ECs might indeed be responsible for inducing apoptosis of supernumerary ECs by inhibiting Yki activity in cells destined to die. Hence, we first silenced yki expression in all ECs during day 2 PI and monitored apoptosis at day 3 PI (according to Fig. 5B ). As expected, in yki-depleted guts, the ingestion of small amounts of Btk drastically increased EC apoptosis at day 3 PI compared with wildtype Btk-fed flies or unchallenged flies ( Fig. 5J compared with Fig. 5I and Fig. 4F; Fig. 5P ). It is noteworthy that in unchallenged guts, transient depletion of yki in the ECs did not significantly increase their apoptosis (Fig. 5I,P) . We then transiently silenced hpo expression in ECs at day 2 PI (according to Fig. 5B ). Consistently, cell death was abolished at day 3 PI (Fig. 5K,L,P) . Moreover, the excess of ECs was maintained and the wave of cell death was postponed to day 5 PI (Fig. 5M-P) . Furthermore, continuous silencing of hpo completely inhibited EC death up until day 5 PI (Fig. S6F) . To confirm this result, we used the 'flip out' system to randomly and briefly silence hpo expression in the midgut epithelial cells during day 2 PI. In this case, EC apoptosis was observed exclusively in the tissue surrounding hpodepleted cells (Fig. S6G-G″) . We confirmed the requirement of Hpo signaling by transiently silencing salvador (sav, encoding the binding partner of Hpo; Fig. S6H,I ). Finally, we performed an epistasis test to show that indeed Hpo is involved in the wave of apoptosis through the inhibition of Yki activity by transiently knocking down the expression of both hpo and yki in ECs (according to the protocol in Fig. 5B ). As expected, a wave of cell death occurred at day 3 PI (Fig. S6J,L) and the gut recovered its cellular homeostasis by day 5 PI (Fig. S6K,L) . Taken together, our data strongly suggest that activation of Hpo signaling acts autonomously in ECs to trigger the wave of apoptosis necessary to remove the supernumerary ECs induced by the ingestion of small amounts of opportunistic bacteria.
Physiological consequences
To complete our study, we assessed the functional impacts that the ingestion of low amounts of Btk may have knowing that bacterial intoxication, cell death or the presence of too many immature cells in the gut can affect its digestive functions (Biteau et al., 2008; Buchon et al., 2009b; Chakrabarti et al., 2012; Dutta et al., 2015; Erkosar et al., 2015) . Therefore, we monitored several metabolic and enzymatic parameters in the midgut. A reduction of EC lipid storage appeared by day 2 PI (Fig. 6A,B ) which correlated with a lower expression of lipaseA (lipA; magro -FlyBase), which regulates lipid absorption by ECs) at day 1 PI (Fig. 6C) (Karpac et al., 2013) . At day 3 PI, lipA expression increased again, probably compensating for the impaired lipid absorption during the previous days. We also noticed a decrease in trypsin ε expression and trypsin activity (Fig. 6D,E) (Biteau et al., 2008 ) that may result in impaired protein digestion. Of note, we did not observed any changes in food intake (Fig. 6F) . Because flies overcame acute food poisoning without any mortality (data not shown), we wondered whether chronic ingestion of low amounts of Btk bacteria could affect fly longevity. Based on the fact that the gut needs 5-6 days PI to regain homeostasis, we provided flies with small amounts of bacteria once a week during all their life and further monitored their longevity. Under such chronic intoxication, fly longevity appeared to be reduced by almost 24% (Fig. 6G) . Thus, our results indicate that acute ingestion of small amounts of opportunistic bacteria, although apparently inoffensive, transiently affects the digestive and absorptive functions of the gut and, in the long run, chronic ingestion reduces lifespan.
DISCUSSION Cell renewal versus cell replenishment
In this study, we highlighted a physiological mechanism accelerating cellular gut renewal that probably occurs more frequently than the gut replenishment required after a widespread cell death. Indeed, animals as well as humans are more likely to be subject to the ingestion of low levels of opportunistic bacteria than to the ingestion of virulent pathogens or high levels of opportunistic bacteria. Upon ingestion of small amounts of bacteria, a cell renewal program is launched in spite of the fact that the ingested bacteria are rapidly eliminated from the gut without promoting any cell death. Our data demonstrate that ISC division is stimulated, but to a lesser extent than that triggered by pathogens or harmful chemicals that promote widespread cell death (Amcheslavsky et al., 2009; Apidianakis et al., 2009; Buchon et al., 2009a; Chakrabarti et al., 2012; Chatterjee and Ip, 2009; Cordero et al., 2012; Jiang et al., 2009 Jiang et al., , 2011 Karpowicz et al., 2010; Ren et al., 2010 Ren et al., , 2013 Staley and Irvine, 2010) . Interestingly, the switch from accelerated cell renewal to cell replenishment appears to be correlated with activation of Hpo/Yki signaling. Indeed, we showed that small 6 CFU (red line) (n=100). (H) Model of the physiological control of gut integrity upon ingestion of low amounts of opportunistic bacteria. The ingestion of small amounts of opportunistic bacteria along with food induces moderate JNK and JAK/STAT signaling activation in ECs and ISCs, respectively (2). During the first 48 h, the mild increase in ISC proliferation generates EBs (3). During days 1 to 3 post ingestion, EB differentiation generates too many ECs, resulting in an excess of ECs (4). Hpo signaling activation (Yki off ) in old ECs leads to their apoptosis, enabling the elimination of the supernumerary ECs (5), allowing the gut to recover its cell homeostasis (1). ns, not significant. amounts of opportunistic bacteria briefly activate JNK signaling and do not promote cell death. Consequently, the mild induction of upd genes leads to an increase in cell renewal. Because of the absence of cell death, there is an excess of ECs (Fig. 6H) . Upon a stronger aggression, there is a sustained activation of JNK signaling pathway (our work) (Buchon et al., 2009a) inducing apoptosis. Knowing that (1) cells destined to die rapidly change their adhesive properties with their neighboring cells (Taylor et al., 2008) and (2) Hpo/Yki signaling pathway is sensitive to cell-cell contact (Boggiano and Fehon, 2012) , we propose that upon a strong aggression, the rapid EC engagement towards apoptosis promotes changes in cell adhesion that repress Hpo, inducing Yki activities. This model is supported by the absence of Yki target gene activation by Pe when JNK signaling is abolished (Fig. 1C) . In agreement, it was previously shown that activation of the JNK pathway is able to induce Yki target gene expression to levels comparable to ours (Shaw et al., 2010) . It has also been shown that overexpression of the JNKK (Hep) in ECs promotes nuclear Yki localization (Staley and Irvine, 2010) . Consequently, the concomitant activation of JNK and Yki strongly activates their common target genes, such as upd cytokines. Those cytokines will nonautonomously induce ISC proliferation and differentiation to quickly replace the dying ECs. Therefore, the huge production of cytokines and growth factors is probably required to accelerate the rate of ISC proliferation rather than to trigger ISC proliferation per se. Switching from a cell renewal program to a cell replenishment program is probably necessary for an efficient replacement of the dying cells to maintain gut integrity upon huge damages.
Maintenance of cell density in the gut
In this study, we showed that excess of ECs, whatever is its origin, is rapidly overcome and the gut recovers its normal EC number in less than a week thanks to a wave of apoptosis. This phenomenon presents similarities with the adaptation of gut size to nutrient availability. Indeed, whereas feasting stimulates gut growth, subsequent fasting for several days induces widespread apoptosis to reduce the size of the gut (O'Brien et al., 2011) . This is also reminiscent of what happens during Drosophila eye development where the Hpo pathway controls the final size of the differentiating organ by inducing cell death to remove unspecified supernumerary inter-ommatidial cells (Kango-Singh and Singh, 2009 ). As we found that the Hpo pathway was involved in triggering the wave of apoptosis to remove the supernumerary ECs, our data show that a mechanism used during development can be reused during adulthood to facilitate the removal of extra cells and restore gut integrity (Fig. 6H) . Moreover, in many vertebrate cell culture studies, Yki/Yap and Hpo signaling are involved in the sensing of cell morphology and density (Gaspar and Tapon, 2014) . At low density, cells spread and Yki/Yap is nuclear, promoting cell proliferation. At higher density, cells are rounder and smaller, Yki/ Yap is cytoplasmic and proliferation is halted (Ota and Sasaki, 2008; Varelas et al., 2010; Zhao et al., 2007) . Therefore, we assume that the implication of Hpo signaling in triggering the wave of apoptosis to remove supernumerary ECs could be due to both a change in EC shape and an increase in their density (Fig. 6H) . Indeed, we observed at day 1 PI that the density of EC was higher and their shape become rounder. Taken together, these modifications can activate Hpo signaling leading to Yki inhibition and to the death of supernumerary ECs. This preferentially occurs in old ECs because they are probably more susceptible to cell shape change. Indeed, old ECs begin to die at day 2 whereas eECs are not yet fully differentiated. Moreover, as ISCs are basally located in the gut epithelium; when the new eECs arise, the old ones are pushed towards the lumen facing the putative aggressors, thus protecting the new ones. Once the aggression is resolved, the old ECs (that may be damaged) are eliminated, leaving the new ones intact.
Finally, it is increasingly thought that the ingestion of bacteria might trigger or exacerbate inflammatory bowel diseases and/or colorectal cancer (Collins et al., 2011; Tjalsma et al., 2012) . Our work thus brings new insight into the understanding of the mechanisms and signaling pathways that might be involved in those pathologies upon ingestion of opportunistic bacteria along with the food.
MATERIALS AND METHODS

Bacterial strains
The Btk strain (identified under the code 4D22) was provided by the Bacillus Genetic Stock Center (www.bgsc.org) and described by González et al. (1982) . Ecc and Pe were kindly provided by Bruno Lemaitre's laboratory (École Polytechnique Fédérale, Lausanne, Switzerland). L. plantarum was kindly provided by Bernard Charroux (IDBM, Marseille, France). Pe, Btk and Ecc were grown in LB medium at 30°C for 16 h and L. plantarum was grown in MRS medium (de Man, Rogosa and Sharpe medium; Sigma, 69964) for 16 h in anaerobic conditions at 37°C.
Fly strains
For details of fly strains used, see supplementary Materials and Methods.
Bacteria counting
Flies were fed with Btk and L. plantarum, washed with ethanol and distilled water before dissection of the guts in PBS. Guts were crushed in 200 μl of LB (Luria-Bertani medium; Fisher BioReagents, BP1426-2) or MRS medium at various times after intoxication using a micropestle, and the homogenate was serially diluted in LB or MRS medium and incubated overnight at 30°C (Btk) or 37°C (L. plantarum).
Drosophila rearing, intoxication and longevity
Drosophila were reared on standard medium at 25°C unless otherwise mentioned. For oral intoxication, after 2 h of starvation, 3-to 5-day-old virgin females (at 25°C) were flipped onto fly medium covered with filter disks soaked in a 1:1 mix of bacterial pellets and 5% sucrose (concentrations of bacteria used: 1.106 CFU/5 cm²/fly or 1.108 CFU/5 cm²/fly). Flies were kept to feed on the contaminated media until dissection in all the experiments. For lifespan experiments, 3-to 5-day-old (at 25°C) virgin females were fed with 5% sucrose (UC, unchallenged) or Btk at 106 CFU/5 cm²/fly and were weekly flipped onto new contaminated fly medium. The lifespan experiments were performed at 29°C.
Dissection, immunostaining and microscopy
Dissection, fixation and immunostaining were performed as described by Micchelli (2014) . Dilutions of the various antibodies were: mouse antiProspero at 1:200 [Developmental Studies Hybridoma Bank (DSHB)], mouse anti-β-Gal at 1:500 (Promega, Z3781), rabbit anti-β-Gal at 1:1000 (Cappel, 55976), rabbit anti-PH3 at 1:1000 (Millipore, 06-570), rabbit antiCasp3 at 1:300 (Cell Signaling, 9661), mouse anti-Arm at 1:100 (DSHB), Cy3 anti-mouse at 1:1000 (Jackson ImmunoResearch, 715-165-150), Cy3 anti-rabbit at 1:1000 (Jackson ImmunoResearch, 101394), Cy5 anti-rabbit at 1:300 (Jackson ImmunoResearch, 111-175-144), Alexa647 anti-mouse at 1:500 (Invitrogen, A21235) and Phalloidin-Alexa555 at 1:1000 (Molecular Probes, A34055). For microscopy, guts were mounted in Fluoroshield-DAPI medium (Sigma) and immediately observed on a Zeiss Axioplan Z1 with Apotome 2 microscope. Images were analyzed using ZEN (Zeiss), ImageJ and Photoshop software. Image acquisition was performed on the Microscopy Platform of the Institut Sophia Agrobiotech (INRA 1355-UNS-CNRS 7254-Sophia Antipolis).
RT-qPCR
Total RNA was extracted from ten midguts with Trizol reagent (Invitrogen) and dissolved in 20 μl of RNase-free water. cDNA was then synthesized from 550 ng total RNA and qPCR was carried out using an AriaMX realTime PCR System (Agilent) and the EvaGreen kit (Euromedex). Each experiment was independently repeated three times. Moreover we performed three technical repeats. Relative expression data were normalized to Rp49 (RpL32 -FlyBase) and Dp1 genes. See Table S1 for primer sequences.
Measurement, counting and statistical analysis
In all the data presented, the pictures and counting were always done in the posterior part of the R4 region (http://flygut.epfl.ch/histo_regions/9) named R4bc in the flygut site (see also Buchon et al., 2013 and Marianes and Spradling, 2013) . Experiments were independently repeated at least three times. Cells were counted in a fixed area (26.103 μm²) within the R4bc region. For EC counting in the Fig. 2D and Fig. 4I , we considered a cell to be a 'true' EC only when it was expressing the myo1A>GFP marker, meaning that dying ECs that no longer expressed the GFP and differentiating EBs that did not yet express the GFP were omitted. The numbers within the bars of all the graphs correspond to the number of guts analyzed. Results are presented as mean±s.e.m. Effects of treatments were analyzed using a pair wise comparison test (Tukey's test). Differences were considered significant when P<0.05 (*P≤0.05, **P≤0.01, ***P≤0.001).
Frozen sections
Posterior midguts were incubated with antibodies as described above, frozen in OCT medium and cut with a Leica M3050-S Microtome into 10 μm frozen sections to obtain transversal sections of posterior midguts. Sections were then mounted in Fluoroshield-DAPI medium before observation.
Flip-out clones
For flip-out clones, y w hs-flp; UAS-hpo RNAi females were crossed with w; act<CD2<Gal4;UAS-GFP males at 18°C. Progeny was transferred to bacteria supplemented media at 18°C for 48 h, then heat-shocked for 45 min at 37°C before being transferred to 25°C and dissected after 24 h.
Cell lineage
w; esg-Gal4 UAS-GFP; tubGal80 ts females were crossed with w; act<STOP<lacZ; UAS-flp males at 18°C. Progeny were kept for 6-8 days at 18°C. Then, the progeny were transferred to sucrose ( Fig. 3F,I ; Fig. S4F-H′) or bacteria-supplemented media (Fig. 3G ,H,J-L; Fig. 4R -R″) at 29°C for 1 day, 3 days and 12 days.
Oil Red O lipid staining
The protocol was adapted from Karpac et al. (2013) with minor changes: guts were fixed for 40 min and incubation time with Oil Red O solution was 45 min.
Protease activity
Eight intestines were crushed in 50 μl PBS, then spun at 10,000 g for 5 min at 4°C. The supernatant was kept and diluted at 1/10. Then protease activity was measured using Protease Fluorescent Detection Kit (Sigma): 5, 10 and 20 μl of diluted samples were added to 10 μl of 10× PBS, 20 μl of FITCCasein and 70 μl of distilled water (control experiment was performed with trypsin at 10 mg/ml in 1 mM HCl). The tubes were gently mixed and incubated at 37°C for 90 min, then 300μl of 10% TCA added. Mixes were incubated at 37°C for 30 min, then spun for 10 min at 13000 rpm (10,000 g) at 4°C and 50 μl of the resulting supernatant was added to 150 μl of 1 M Tris pH 8.5. The fluorescence of the sample was measured at 535 nm.
Food intake
Virgin females (3 to 5 days old; 25°C) were transferred into blue-colored food [the final concentration of the erioglaucine disodium salt blue dye (Sigma-Aldrich) was 0.75%] mixed with sucrose (UC) or with 1.106 CFU of Btk. Four hours post-ingestion, flies with blue intestine were counted and then dissected. Ten intestines per 2 ml tube were collected and rapidly frozen. Then the guts were crushed using a 5 mm steel bead in a Tissue Lyser for 2 min at 50 Hz. The guts were spun for 3 min at 10,000 g at 4°C. The optic density of the supernatant was measured at 629 nm with a Nanodrop.
